ABSTRACT. The aim of the study was to evaluate effects of fisetin and probiotic on erythrocyte osmotic fragility (EOF), malondialdehyde (MDA) and superoxide dismutase (SOD) in broiler chickens exposed to heat stress. Sixty day-old broilers were divided into: Group I (control) given distilled water; Group II, fisetin (5 mg/kg); Group III, probiotic Saccharomyces cerevisiae (4.125 × 10 6 cfu/100 ml); and Group IV, fisetin (5 mg/kg) + probiotic (4.125 × 10 6 cfu/100 ml) orally for 7 days. Blood samples collected from 42-day-old birds were evaluated for EOF, serum MDA concentration and SOD activity. Percentage EOF at 0.5% NaCl was lower (P<0.05) in fisetin, probiotic and fisetin + probiotic groups (34.26 ± 0.98%, 35.65 ± 0.81% and 34.25 ± 1.98%, respectively) than in controls (48.42 ± 0.40%). The MDA concentrations in broiler chickens administered with fisetin (14.37 ± 1.15 nmol/l), probiotic (5.66 ± 1.06 nmol/l) and fisetin + probiotic (4.136 ± 0.58 nmol/l) were lower (P<0.05) than in controls (22.64 ± 2.95 nmol/l). Activities of SOD were higher (P<0.05) in fisetin, probiotic and fisetin + probiotic broiler chickens (6.34 ± 0.24 IU/l, 5.67 ± 0.09 IU/l and 5.93 ± 0.13 IU/l, respectively) than in controls (5.37 ± 0.09 IU/l). Fisetin + probiotic ameliorated oxidative stress changes in broiler chickens better than fisetin or probiotic alone. In conclusion, administration of fisetin or probiotic and, especially their combination, decreased EOF, lipoperoxidation and increased superoxide dismutase activity in broiler chickens exposed to heat stress.
Broilers chickens are prone to oxidative stress in adverse thermal environmental conditions such as high ambient temperature (AT) and high relative humidity (RH) [47] . High AT and high RH induce heat stress in broiler chickens, causing oxidative stress. Oxidative stress occurs as a result of increased reactive oxygen species (ROS) production, which may overwhelm or deplete the natural antioxidant defence systems of the body, resulting in cell damage and destruction [16, 17] .
Stress induces increased ROS generation which leads to lipid peroxidation of cytomembranes [36] . Lipid peroxidation is the oxidative degradation of polyunsaturated fatty acids, occurring in biological membranes. It inactivates several membrane bound enzymes and impairs membrane fluidity and integrity [7] . Erythrocyte osmotic fragility (EOF) is a biomarker of oxidative membrane damage to erythrocytes [39] . Malondialdehyde (MDA) is a product of peroxidized polyunsaturated fatty acids; increased MDA content is an important indicator of lipid peroxidation [14, 29] . The activities of antioxidant enzymes such as superoxide dismutase (SOD) are used to assess tolerance of broiler chickens to stress [42] . A decrease in activities of antioxidant enzymes is an indicator of oxidative stress in broiler chickens [2, 41] . It is beneficial in determining whether oxidative stress reactions occur in cells and identification of the damaged cell [30] .
Fisetin (3,3′,4′,7-tetrahydroxyflavone) is a naturally occurring flavonoid, which is found in fruits and vegetables such as strawberries, apples, persimmons, grapes and onions [23] . It has high antioxidant activity and efficiently interacts with common target sites of lipid peroxidation in cell membranes, enhancing their integrity against hypotonic lysis [34, 35] . Fisetin also has the ability to protect the erythrocytes from extracellular oxidative agents by donating electron to plasma membrane oxidoreductase; thus, maintaining the redox state of the plasma [44] . Fisetin exerts potential effects on the levels of antioxidants, reversing the doi: 10.1292/jvms.18-0477 depleted levels of different enzymatic (SOD, catalase, glutathione peroxidase) and non-enzymatic (vitamins C and E) antioxidants to near normal levels [28] . Probiotic supplementation has been shown to modulate the dynamics of oxidants and antioxidants in the body, inhibiting lipid peroxidation [1] . It enhances serum antioxidant enzyme activities in broiler chickens [5, 45] .
Probiotic improves performance, intestinal morphology and structure, immune system and, thus, performance and well-being of heat-stressed poultry [4, 15] . Although studies have been conducted on single effects of probiotic in broiler production, there is paucity of information on effects of fisetin and its combination with probiotic on heat stressed broiler chickens. We hypothesized that supplementation of fisetin and probiotic to broiler chickens exposed to heat stress would be associated with decreased erythrocyte osmotic fragility, malondialdehyde concentration and increased superoxide dismutase activity.
MATERIALS AND METHODS

Experimental site and meteorological conditions
The experiment was conducted at the Department of Physiology, Faculty of Veterinary Medicine, Ahmadu Bello University, Zaria (11°10ʹN, 07° 38ʹE), located in the Northern Guinea Savannah zone of Nigeria. It was carried out from June to July, during the early rainy season [13] . The dry-bulb and wet-bulb temperatures were recorded using the wet-and dry-bulb thermometer (Brannan ® , Cumbria, U.K.) thrice per day at 07:00 hr, 13:00 hr and 18:00 hr on June 20-July 31, 2017. The RH was obtained using Osmon's hygrometric table (Narinda Scientific Industries ® , Haryana, India). The temperature-humidity index (THI) was determined as an index of heat load using the following formula [43] 
Ethical clearance
Ethical approval for this work was sought and obtained from the Ahmadu Bello University Committee on Animal Use and Care (ABUCAUC), with Reference Number: ABUCAUC/2018/020.
Experimental animals, grouping and management
Sixty day-old broiler chickens, comprising both sexes and purchased from a commercial farm served as subjects. They were fed with broiler starter (day 0-28) and broiler finisher (day [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Proximate analysis of the broiler diet is shown in Table 1 . The birds were kept under an intensive management system. They were housed in the same pen, littered with wood shavings on the floor and having a zinc roof with cardboard ceiling. The dimension of the pen was 8.4 × 5.6 × 1.91 m, and the broiler chickens were stocked at 15 birds/m 2 [27] . The length of day light prevailing during the study period was 12 hr.
The birds were randomly divided into four groups (Group I-IV) of fifteen each. Group I, which served as the control group, was given only distilled water. Group II was administered with fisetin only at 5 mg/kg, Group III was given probiotic (Saccharomyces cerevisiae) only at 4.125 × 10 6 cfu/100 ml, while group IV (fisetin + probiotic) was co-administered with fisetin and probiotic at 5 mg/kg and 4.125 × 10 6 cfu/100 ml, respectively. Probiotic and fisetin were administered for first 7 days of life consecutively using 1 ml-tuberculin syringe. Each bird was tagged using a masking tape on the leg for identification and proper recordings. Biosecurity measures were ensured by providing footbath, foot wears and clothing for persons assisting in carrying out the experiment. The pen was not accessible to any non-essential persons, animals, other birds or rodents.
Experimental measurements
Experimental drugs and their preparation: Fisetin (Sigma-Aldrich, St. Louis, MO, U.S.A.) 100 mg was dissolved in 105 ml of carboxylmethylcellulose and administered at the dose of 5 mg/kg, while 1.5 ml from the stock of probiotic (Montajat Pharmaceuticals, Biosciences Division, Dammam, Saudi Arabia) was dissolved in 1 l of water and administered at a dose of 4.125 × 10 6 cfu/100 ml based on the method of competitive exclusion [6] . Fisetin and probiotic were administered during the morning period at 8.00 hr (GMT + 1) to avoid excessive stress on the birds.
Collection of blood and serum samples: Blood sample (3 ml) was collected once, on day 42, from the wing vein of each broiler chicken. Half of the quantity was placed into a test tube containing an anticoagulant, sodium ethylenediaminetetraacetate, and the other was poured into another test tube without an anticoagulant [24] . For determining EOF, blood samples collected into sample bottles containing anticoagulant ethylenediaminetetraacetate at concentration of 1.5 mg/ml [38] were used, while 1.5 ml of blood samples in sample bottles without anticoagulant were centrifuged at 3,000 g for 10 min; Serum was harvested and stored at 4°C until assayed for evaluation of serum concentration of MDA [37] and SOD activity [25] . 
Determination of EOF
The EOF test was performed as described by Oyewale [32] . Briefly, 0.02 ml of blood was added to six tubes, containing increasing concentrations (0, 0.1, 0.3, 0.5, 0.7 and 0.9%) of phosphate-buffered sodium chloride (NaCl) solution at pH 7.4. The tubes were gently mixed and incubated at room temperature (26-28°C) for 30 min. The content of each tube was centrifuged at 150 × g for 10 min and the supernatant decanted. Optical density (OD) of the supernatant was determined using spectrophotometer (Spectronic-20, Philip Harris Limited, Shenstone, England) at wavelength of 540 nm. Hemolysis in each tube was expressed as a percentage, taking hemolysis in distilled water (0% NaCl) as 100%:
Optical density of test Percentage (%) = 100 Optical density of standard × Where OD=optical density.
Evaluation of malondialdehyde concentration
Serum lipid peroxidation was evaluated, based on MDA concentration as described by Janero [19] . Briefly, serum sample (100 µl) was mixed with sodium dodecyl sulphate-acetate buffer (pH 3.5) and aqueous solution of thiobarbituric acid. It was heated at 95°C for 60 min, the red pigment produced was extracted with n-butanol-pyridine mixture and estimated by measuring the absorbance at 532 nm. Tetramethoxy-propane was used as an external standard, and MDA concentration was expressed in nmol/l.
Evaluation of superoxide dismutase activity
The activity of superoxide dismutase (SOD) was measured using the Northwest Life Science Specialties SOD kit (NWLSS™ NWK-SOD02) based on the method of monitoring the auto-oxidation rate of hematoxylin originally described by Martin et al. [25] , and modified to enhance reliability. The presence of SOD enzyme at specific assay pH, the rate of auto-oxidation was inhibited and the percentage of inhibition was linearly proportional to the amount of SOD present within a specific range. Sample SOD activity was determined by measuring ratios of auto-oxidation rates in the presence and absence of the sample and expressed as McCordFridovich "cytochrome c" units.
Statistical analysis
The data obtained were expressed as mean ± standard error of the mean, using Graph Pad Prism 4.0 for Windows (San Diego, CA, U.S.A.). The values obtained were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's post-hoc test. Values of P˂0.05 were considered significant [41] .
RESULTS
Erythrocyte osmotic fragility
The EOF decreased significantly (P<0.05) at 0.5% NaCl, in the fisetin, probiotic and fisetin + probiotic groups (34.26 ± 0.98%, 35.65 ± 0.81% and 34.25 ± 1.98%, respectively), when compared with that of the control group (48.42 ± 0.40%). At 0.3% NaCl, the EOF in the groups treated with fisetin (57.94 ± 2.72%), probiotic (59.29 ± 1.55%) and fisetin + probiotic (58.91 ± 2.82%) also decreased significantly (P<0.001), when compared with that of the control group (78.33 ± 2.29%) (Fig. 1) . 
Malondialdehyde concentration
The MDA concentration in broiler chickens administered with fisetin, probiotic and fisetin + probiotic (14.37 ± 1.15 nmol/l, 5.66 ± 1.06 nmol/l, 4.136 ± 0.58 nmol/l, respectively) were significantly (P<0.05) lower than the concentration obtained in the control group (22.64 ± 2.95 nmol/l). The MDA concentration in the group administered with fisetin + probiotic was significantly (P<0.05) lower than that of the control and fisetin-treated group. The concentration of MDA in probiotic and fisetin + probiotic-treated groups did not differ significantly (P>0.05; 5.66 ± 1.06 nmol/l and 4.136 ± 0.58 nmol/l, respectively) (Fig. 2) .
Superoxide dismutase activity
The activities of SOD in the fisetin, probiotic and fisetin + probiotic groups (6.34 ± 0.24 IU/l, 5.67 ± 0.09 IU/l and 5.93 ± 0.13 IU/l, respectively) were significantly (P<0.05) higher, when compared with that of the control group (5.37 ± 0.09 IU/l).The activity of SOD in fisetin treated group (6.34 ± 0.24 IU/l) increased significantly (P<0.05), when compared to that of controls (5.37 ± 0.09 IU/l). Activities of SOD in probiotic and fisetin + probiotic-treated groups did not differ significantly (5.67 ± 0.09 IU/l and 5.93 ± 0.13 IU/l, respectively) (Fig. 3) .
DISCUSSION
The values of DBT of 18-24°C [31] , RH (65-70%) [3] and THI (20.8) [42] are conducive for raising broiler chickens. The values obtained in the present study were outside the thermoneutral zone, indicating that the broiler chickens were exposed to heat stress. In broiler chickens, such high values may result in poor performance, hyperthermia, immune suppression and high mortality [21, 40] . The administration of fisetin to broiler chickens decreased EOF and, thus, maintained the integrity of the erythrocyte membrane. The finding shows that fisetin exerted antioxidant effect on the cell membrane [10] , thus protecting the cells from the deleterious effects of heat stress-induced lipid peroxidation. The result agrees with that of Belkhiri et al. [9] , who demonstrated that the binding of flavonoids to RBC membranes significantly inhibits lipid peroxidation, and consolidates their integrity against hypotonic lysis. The result also supports the finding that probiotic exerts antioxidant effects by protecting the cell integrity and inhibiting lipid peroxidation, thus preventing cells against adverse effects of heat stress [5] . The study showed that administration of both fisetin and probiotic has no additive or synergistic effect on the maintenance of the integrity of the cell membrane. However, Egbuniwe et al. [14] demonstrated that combined administration of antioxidants, betaine and ascorbic acid, reduced EOF in broiler chickens under stressful hot-dry conditions. The inconsistency may be due to fact that different antioxidants were used and the research was carried out at different periods of the year.
Oxidative stress increases the production of ROS which cause damage to the RBC membrane via lipid peroxidation [12] , decreases erythrocyte diapole potential (a biophysical determinant of membrane function) and results in the formation of hemoglobin-spectrin complexes, which stiffen the membrane [20, 46] , and impairs erythrocyte functions. Heat stress produces imbalance of pH in the erythrocyte environment due to loss of some ions, which adversely affect EOF [11, 33] . The result of the present study shows that impairments induced by oxidative stress were ameliorated by the administration of antioxidants, fisetin and/or probiotic, to broiler chickens exposed to heat stress. Thus, the antioxidants by consolidating the membrane integrity, protected the erythrocytes from the adverse effects of heat stress.
The findings of the study that fisetin decreased serum MDA concentration and significantly increased SOD agree with that of Iskender et al. [18] , who reported a decrease in MDA concentration and increase in SOD activity in laying hens, administered with a flavonoid, quercetin. Thus, fisetin, a flavonoid, conferred some protection on the broiler chickens against the negative effects of oxidative stress, resulting from heat stress. Similarly, findings from the present study revealed that probiotic decreased serum MDA concentration and improved the activity of SOD, which agree with that of Bai et al. [8] who reported that probiotic, as an antioxidant, restores the activity of SOD and decreases serum MDA concentration in broiler chickens reared under heat stress. Probiotic has been shown to improve the negative influence of oxidative stress [22] , and promotes the activities of antioxidant enzymes; thus, it scavenges excess ROS that may cause cell damage, and, consequently improves the health status of the host [26] . The results of the present study show that the administration of antioxidants, fisetin and/or probiotic, to broiler chickens exposed to heat stress protected against the adverse effects of excess ROS generation.
In conclusion, the administration of fisetin or probiotic and especially their combination decreased EOF and MDA concentration, and increased superoxide dismutase activity in broiler chickens exposed to heat stress.
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